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Electronic properties of pyroxenes NaCrSi,O4 and NaFeSi,O4
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Two pyroxenes, NaCrSi,O¢ and NaFeSi, Oy, are studied with soft x-ray spectroscopy measurements and first
principles band structure calculations. The results of O K, and Si L, 5 x-ray emission spectroscopy (XES), and
O 1s and Si 2p x-ray absorption spectroscopy (XAS) measurements are presented. Using a combination of the
XAS and XES techniques, the band gaps for these two materials were measured. By comparing the experi-
mental spectra to the results of the band structure calculations in different approximations, we show that
pyroxenes should be considered as strongly correlated compounds.
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I. INTRODUCTION

The unusually rich physical properties of pyroxenes make
these compounds, some of which are natural minerals, a very
attractive topic of study. Over the last few years pyroxenes
have been studied as model low-dimensional systems,'™
some of them were found to be ferromagnetic insulators,’
and others seem to show a fascinating Orbital-Peierls
transition.® Finally, multiferroic behavior has been recently
measured in (Li, Na)FeSi,Og.’

Most of the investigations have been concentrated on the
structural and magnetic properties of the pyroxenes, and con-
sequently the electronic structure of pyroxenes has remained
obscure. To the best our knowledge, there has not yet been a
study using neither optical nor x-ray techniques on the py-
roxenes of the (Li,Na)TM(Si,Ge),Og series, where TM is a
transition metal ion. Moreover, even the band gaps for these
pyroxenes are unknown. An investigation of the electronic
properties of pyroxenes is very important not only because of
their multiferroic properties, but because in general their
magnetic structure is strongly dependent on the actual orbital
filling.® Moreover depending on the strength of the on-site
Hubbard repulsion there can be a qualitatively different de-
scription of magnetic properties of some of the pyroxenes.
For instance, NaTiSi,Og4 can be considered as a spin-dimer
compound’ or as a net of Haldane chains.'”

Herein we present a detailed study of the electronic struc-
ture of two pyroxenes NaCrSi,Og and NaFeSi,O¢ using both
experimental x-ray techniques and theoretical band structure
calculations. This investigation is important not only for the
given materials, but also for all compounds of the
(Li,Na)TM(Si, Ge),0¢ series, since it allows a study of the
strength of the electronic correlations, hybridization effects
between different ions, and evolution of different spectral
characteristics in pyroxenes.

As mentioned above, the electronic structure for
NaCrSi,O¢ and NaFeSi,O¢ have not been experimentally in-
vestigated before. The valence of the transition metal ions is
3+ in both systems, which corresponds to the formal occu-
pation numbers d* for Cr**, and d° for Fe**. According to the
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magnetic measurements NaCrSi,Og4 is an antiferromagnetic
with Ty=3 K,> while NaFeSi,O4 becomes both antiferro-
magnetically ordered and ferroelectric below 6 K.” Herein
we not only estimate the band gaps and some other spectral
characteristics, but also show the importance of including an
on-site Coulomb repulsion in the correct description of elec-
tronic properties of pyroxenes.

II. MATERIALS AND METHODS

NaCrSi,0O4 and NaFeSi,O4 samples were prepared by use
of the flux growth method from Na,CO;, Cr,O3 or Fe,O4
and SiO, in the exact stoichiometry of the compounds. The
starting chemicals were intimately ground together under al-
cohol and mixed with Na,MoO,—acting as the high-
temperature solution—in a ratio nutrient to flux=1:10. The
syntheses batches (~25 g each) were placed in platinum
crucibles, covered with a lid, heated to 1373 K at ambient
conditions, and held at this temperature for a period of 48 h.
Afterwards the samples were slowly cooled to 873 K at a
rate of 0.5 K per hour. The flux could easily be removed in
hot water and single crystal clinopyroxene yields were ob-
tained. After removing small amounts of impurity phases
(hematite Fe,O3, glass, or Cr,03) by hand picking, phase-
pure samples were available.

The soft x-ray spectra were measured at beamline 8.0.1 at
the advanced light source (ALS) at the Lawrence Berkeley
National Laboratory.!! The NaCrSi,O4 and NaFeSi,O4 pow-
der samples were pressed into clean indium foil and mounted
in the vacuum chamber. The O 1s x-ray absorption spectros-
copy (XAS) spectra were measured in the total fluorescence
yield (TFY) mode, which provides more bulk sensitivity than
electron yield methods. All XAS spectra were normalized to
the incident photon current using a highly transparent gold
mesh in front of the sample to measure the intensity fluctua-
tions in the photon beam. The XES endstation uses a Row-
land circle geometry x-ray spectrometer with spherical grat-
ings and an area sensitive multichannel detector. The
instrumental resolving power (E/AE) was approximately 10
for the x-ray emission spectroscopy (XES) measurements
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and approximately 5 X 10° for the XAS measurements.

The crystallographic data used in the band calculations
were taken from Ref. 12 and 13. We utilized the full potential
linear augmented plane wave (LAPW)!# method with either
the generalized gradient approximation (GGA) and general-
ized gradient approximation taking into account on-site Cou-
lomb repulsion with the mean-field method (GGA +U). The
exchange correlation potential as proposed by Perdew, Burke
and Enzerhof!'> was chosen. The values of on-site Coulomb
interaction (U) and Hund’s rule coupling (Jy) parameters
were taken to be the same as in previous pseudopotential and
linear muffin-tin orbitals (LMTO) calculations:® Ug,
=3.7 eV, Ug.=4.5 eV; Jy=0.8 eV for Cr and Jy=1 eV for
Fe. The atomic sphere radii were set as following: Ry,=2.2,
Ro=1.5 au.,, Rg=15 au, and Re=Rg.=1.9 au. The
Brillouin-zone (BZ) integration in the course of the self-
consistency iterations was performed over a mesh of
100 k-points. The parameter of the plane wave expansion
was chosen to be Ry7K,,..=7, where Ry is the smallest
atomic sphere radii and K,,,, - plane wave cutoff.

The difference in the band gaps obtained via LMTO and
LAPW calculations are related with the different ways of
describing wave functions and applying a U correction in
each of these methods. It is well known that in the full-
potential LAPW calculations U should smaller than that in
LMTO calculations. The typical example is cobaltates.'®!”
Since U and Jy were taken to be the same as in Ref. 8 the
band gap in the present study was obtained for Mott-
Hubbard system NaCrSi,Og to be larger than in Ref. 8. This
is in contrast to NaFeSi,O4 for which LAPW and LMTO
give exactly the same values, since the band gap is defined
by charge-transfer energy for this compound.

III. ANALYSIS OF XAS AND XES RESULTS

In Figs. 1 and 2 we present the XAS and XES measure-
ments for NaCrSi,O¢ and NaFeSi,Oq. It was recently shown
that a combination of these methods can be used to deter-
mine the band gap and charge transfer energy values.'® En-
ergy calibration of the XAS and XES data was performed by
comparing the recorded spectra to a subsequently recorded
spectrum of a known reference sample. The band gaps were
estimated from the experimental spectra by taking the peaks
in the second derivatives.

For NaCrSi,Og4 experimental band gap is 4.8 eV. In the
GGA calculation the top of the valence band is formed by
completely filled tgg and the bottom of the conduction band
by empty el, states as one can see from Fig. 3. Since the
exchange splitting is very large for NaCrSi,O¢ (~3 ¢eV), the
band gap in GGA is defined by the 1,,—e, crystal-field split-
ting and dispersion of these bands. The band gap in the GGA
calculation is 2 eV, this is significantly smaller than the ex-
perimental estimate.

The result from a regular GGA calculation can be remark-
ably improved by accounting for the on-site Coulomb repul-
sion in the calculation scheme with an additional potential U.
Adding this potential results in the additional shift of occu-
pied (downward) and unoccupied (upward) states. In GGA
+U the band gap with Uc,=3.7 eV is 3.7 eV, which is closer
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FIG. 1. (Color online) Comparison of the experimental O K,
XES and O 1s XAS spectra (top) with the theoretical O-2p density
of states (bottom), obtained by GGA with (red line) and without
(black line) including the on-site Coulomb repulsion U, for
NaCrSi,Og4. The Fermi energy is at zero.

to the experimental value. The band gap develops between
occupied and unoccupied Cr-3d states, which is clearly seen
from the DOS plot for closely-related compound NaCrGe,Og¢
presented in Fig. 8 of Ref. 8. Thus Cr based pyroxenes may
be considered as Mott-Hubbard materials taking into account
a non-negligible mixing of O-2p states to the top of the
valence band.

In addition to a more plausible value of the band gap, the
structure of the density of O-2p states in the GGA+U is
closer to the experimental XES spectra. One may see that the
GGA+U density of states (DOS) peaks exactly at the same
place as experimental spectra, at ~—1 eV (if the Fermi level
is set to zero), while GGA results in the peak at ~-2 eV.
These peaks correspond to bonding-nonbonding O-2p-Si-3p
states. The agreement between the structure of the unoccu-
pied DOS and the experimental O-1s XAS spectra is also
better in the GGA+U. The large feature at energies higher
than ~8 eV is due to antibonding O-2p-Si-3p states, while
the lower energy structure at ~4—8 eV is related to the sub-
stantial hybridization between the unoccupied transition
metal -3d and the O-2p states.

The general structure of O K, XES and O-1s XAS spectra
for NaFeSi,O4 presented in Fig. 2 is similar to that of
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FIG. 2. (Color online) Comparison of the experimental O K,
XES and O Is XAS spectra (top) with the theoretical O-2p density
of states (bottom), obtained by GGA with (red line) and without
(black line) including the on-site Coulomb repulsion U, for
NaFeSi,Og4. The Fermi energy is at zero.

NaCrSi,O¢. However one may notice that both the experi-
mental and theoretical band gaps are smaller than those ob-
tained for NaCrSi,Og4, while the on-site Coulomb repulsion
parameter U is larger for Fe. Similar changes in the band gap
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FIG. 3. Cr-3d DOS obtained by GGA. Positive (negative) val-
ues of DOS correspond to spin up (spin down). The Fermi energy is
at zero.
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FIG. 4. Fe-3d DOS obtained by GGA+U. Positive (negative)
values of DOS correspond to spin up (spin down). The Fermi en-
ergy is at zero.

values as seen in the pyroxenes going from Fe to Cr were
observed in perovskite materials.!® The reduction of the band
gap occurs due to transition to a charge-transfer regime in
NaFeSi,Og.

The lower Hubbard band is clearly seen in the lower panel
Fig. 1 just below the Fermi level for the NaCrSi,O4 (one
may also consult Fig. 8 from Ref. 8, where DOS for similar
compound NaCrGe,Oq is presented). In contrast For
NaFeSi,0¢ the top of the valence band is defined by O-2p
states, while the occupied Fe-3d states are located deeper in
energy (see Fig. 4).

One may note that the actual change of the U-parameter
going from Cr to Fe based pyroxenes in the calculations is
not that large (0.8 eV), while the effect is quite pronounced.
This can be explained in the following way: since Fe** has
fully occupied one spin subshell the effective Coulomb re-
pulsion for this configuration significantly increases due to

Hund’s exchange Jy; and equals to: US;?: UF63++4JH, while
3+

3 .
for Cri*:Ugj, =U™ "~Jy. One may calculate U, using a
standard definition,

U= E(d™") + E(d"") - 2E(d"), (1)

(where E is the total energy of the given configuration) and
taking explicitly the number of Jy each configuration into
account.

Both the basic growth of the U parameter due to the in-
crease in the number of electrons and accounting for the
different number of the Hund’s rule exchanges Jy; leads to a
significant shift of the lower Hubbard band to the lower en-
ergies in NaFeSi,Og. In addition the charge-transfer energy
A is known to decrease with increase in the number of elec-
trons in 3d shell of transition metal ion.22! If for Cr’*A
~5.2 eV, then for Fe’* it is A~2.5-3.5 eV (depending
on the system and type of estimation).?’ Thus the band gap in
NaFeSi,0q is defined not by the effective Coulomb repulsion
as in NaCrSi,O¢, but by the significantly smaller charge-
transfer energy A. The theoretical estimation of the band gap
within the GGA+U approach for NaFeSi,Oq is 2.3 eV,
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FIG. 5. (Color online) Comparison of experimental Si L, ; XES
and Si-2p XAS spectra (top) with theoretical Si-3s (middle) and
Si-3d (bottom) density of states, obtained by GGA with (red line)
and without (black line) account of on-site Coulomb repulsion U,
for NaCrSi,Og4. The Fermi energy is at zero.

which is closed to experimentally measured value of 2.2 eV.
The GGA again underestimates the value of the band gap
giving £,=0.9 eV.

The low energy structure of O-1s XAS spectra is also
different in NaCrSi,O4 and NaFeSi,Og4. This should be re-
lated with a different number of unoccupied states in the
TM-3d shell (there are 3 t,, and 4 split by exchange interac-
tion e, states in the case of Cr** and only 3 1, and 2 e, states
for Fe**), but this is not clearly seen in direct comparison of
the GGA+U O-2p partial DOS with experimental spectra.
The discrepancies can be connected with core-hole effects,
which has been shown to shift the O-2p unoccupied states
closer to the onset of the conduction band in metal oxides.??

An additional check of the validity of the GGA or GGA
+U electronic structure calculations of pyroxenes can be per-
formed with the help of SiL,3- emission and absorption
spectra, which probe Si-3s3d occupied and vacant states, re-
spectively. The results of Si L, 3 XES and Si-2p XAS mea-
surements of NaCrSi,Og and NaFeSi,O4 are presented in
Figs. 5 and 6. The SiL,; XES are similar for both com-
pounds and consist of two subbands located at 88.5 and 94.0

PHYSICAL REVIEW B 81, 045118 (2010)

@ | SiL,; XES NaFeSi,O,
c
=}
g
AR B .
> :
@
C
(0]
E
IIIIIIIIIIII
85 90 95 100 105 110 115
I T T T T ! T T T T I T T T
Bl r : Partial DOS Si-3s ]
S 03 : - - GGA+U ]
St — GGA -
£ 02
» L
n
O 0.1f
[a]
n_ -
0 |
-10
llIllllIllll!llllllllllllllllll
2ozl i Partial DOS Si-3d
S :
[ . ]
%} :
] .
IS :
® 01f :
n :
o) ‘\ :
a LA
o RN
OIII lll’ll l‘ll Jlllllllll
-10 -5 0 5 10 15
Energy (eV)

FIG. 6. (Color online) Comparison of experimental Si L, 3 XES
and Si-2p XAS spectra (top) with theoretical Si-3s (middle) and
Si-3d (bottom) density of states, obtained by GGA with (red line)
and without (black line) account of on-site Coulomb repulsion U,
for NaFeSi,Og4. The Fermi energy is at zero.

eV. According to our calculations the lowest peak is due to
Si-3s states while one lying higher in energy originates from
Si-3d states. In the XES spectra the Si-3s states are separated
from the Si-3d states by ~5 eV for NaCrSi,O¢ and by
~5.5 eV for NaFeSi,O¢. The GGA+U and GGA calcula-
tions suggest a splitting of ~5 eV and ~8 eV, respectively,
for NaCrSi,Og¢. Clearly the GGA+U calculation is closer to
reproducing the experimental splitting. For NaFeSi,O4 the
GGA+U and GGA calculations suggest a splitting of
~5.5 eV and ~5 eV. Here the difference is rather minor,
but the GGA+U calculation is again closer to reproducing
the experimental splitting than the GGA calculation. The
near-edge structure of Si-2p XAS is formed by Si-3s and
Si-3d states. One can see that GGA+U Si unoccupied 3s3d
states are shifted to slightly higher energies as a whole with
respect to GGA Si unoccupied 3s3d states. In particular, the
bulk Si-3s states which form the main onset of the unoccu-
pied spectrum (and therefore are of greatest importance to
the onset of the measured XAS) are on ~1.5 eV and ~1 eV
higher in the GGA+U calculation than in the GGA calcula-
tion for NaCrSi,Og and NaFeSi,Og4, respectively. These
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shifts are in better agreement with experimental spectra, es-
pecially since the effect of the Si-2p core-hole on the mea-
sured XAS would serve to shift the XAS to lower energies
than predicted by the DOS. Therefore, we can conclude that
both the oxygen and silicon x-ray emission and absorption
spectra of NaCrSi,O¢ and NaFeSi,0Og¢ are in good agreement
with GGA+U calculations which means that accounting for
the on-site electron correlation is necessary for a correct de-
scription of the electronic properties of pyroxenes.

IV. SUMMARY

Using combination of x-ray measurements and first prin-
ciples band structure calculations we show that pyroxenes of
(Li,Na)TM(Si,Ge),0¢ must be considered as strongly cor-
related materials. Neglect of the on-cite Coulomb interaction
in the GGA results in considerable underestimation of the
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band gap, while explicit account of correlations (U) in the
mean-field way by GGA+U significantly improves agree-
ment between theory and experiment.
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